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Vertical absorption edge and temperature dependent resistivity
in semihydrogenated graphene
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We show that for graphene with any ﬁnite asymmetry in the on-site energy between the two
sublattices 共⌬兲, the optical absorption edge is determined by the ⌬. The universal conductance will
be broken and the conductance near the band edge varies with frequency as 1 / 2. The onset
conductance is c = 20 = e2 / 2h, independent of the size of the band gap. The total integrated
optical response is nearly conserved despite of the opening of the band gap. Moreover, near the band
edge, there is a change over of the electrical resistivity from temperature independent to a linear
temperature dependence. © 2010 American Institute of Physics. 关doi:10.1063/1.3292026兴
In recent years, graphene has attracted a great deal of
interest.1–4 Interesting physics have been predicted and observed, such as electron-hole symmetry and half-integer
quantum Hall effect,2,3 ﬁnite conductivity at zero chargecarrier concentration,2 and the strong suppression of weak
localization.5–7 In graphene, the conduction and valence
bands touch each other at six equivalent points, the K and K⬘
points in the Brillouin zone. Near these points the electrons
behave like massless Dirac Fermions. One of the most striking features of the massless Dirac Fermion is that the optical
conductance is a universal constant, 0 = e2 / 4h. This was
calculated theoretically long before graphene’s fabrication in
2003.8 In the visible region of the electromagnetic spectrum,
the absorption coefﬁcient and transmittance of graphene
have been measured experimentally and the universal conductance has been conﬁrmed.9–11
The optical conductivity of graphene outside the low energy Dirac regime has been calculated theoretically.12,13 Outside the Dirac regime the band bending results in an increased density of states. As a result the optical response
increases and reaches a sharp maximum at the van Hove
point of ⑀ = 2t where ⑀ is the electronic energy and t
⬇ 3 eV is the hopping bandwidth. The nearly total transparency of graphene can be partially alleviated in the case of
bilayer graphene.14 The problem is even further alleviated in
the case of single layer graphene nanoribbons in a magnetic
ﬁeld where the conductance can be as much as two orders of
magnitude higher than that for graphene,15 and recently it
was shown that a subclass of bilayer nanoribbons is similarly
active in the terahertz far-infrared regime even without a
magnetic ﬁeld.16
Graphene was predicted and later experimentally conﬁrmed to undergo metal-semiconductor transition when fully
hydrogenated 共graphane兲. It is possible that graphene with
half of the carbon atoms saturated with hydrogen 共semihydrogenated兲 can become ferromagnetic.17 Semihydrogenated
graphene loses the symmetry of A and B sublattices.
Graphene systems with broken inversion symmetry are of
direct experimental interest. Observation of a band gap opening in epitaxial graphene has been reported.18 This is a direct
a兲
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consequence of the inversion symmetry breaking by the substrate potential.19 A scheme to detect valley polarization in
graphene systems with broken inversion symmetry was
demonstrated.20 In this letter, we shall show that due to the
inequivalence of the two valleys, the universal conductance
breaks down at low frequencies. If the on-site energy difference of the two sublattice is ⌬, absorption is only possible
for frequencies above ⌬. The conductance at the absorption
edge is twice the universal conductance, drops slowly as
1 / 2. Therefore, the universal conductance is only approximately valid in a narrow regime overlapping with the visible
band. Furthermore the AB asymmetry leads to a temperaturedependent resistivity which changes from temperature independent to a linear temperature dependence.
In the tight-binding approximation, the Hamiltonian for
the graphene can be written as,

H=

冢

⌬
2

− t⬘␣共k兲 −
−t

ⴱ

− tH12
⌬
− t⬘␣共k兲 +
2

ⴱ
H12

冣

共1兲

,

where H12 = 1 + eik·a1 + eik·a2, 兩t兩 = 2បvF / 冑3a, and t⬘ = ␥兩t兩 is the
next nearest neighbor coupling, and ␣共k兲 = 2关cos k · a1
+ cos k · a2 + cos k · 共a1 − a2兲兴. a1 and a2 are unit vectors given
as a1 = a共冑3 / 2 , 1 / 2兲, a2 = a共冑3 / 2 , − 1 / 2兲.
In the Hamiltonian, the on-site energies of the
A-sublattice and B-sublattice are −⌬ / 2 and ⌬ / 2, respectively. The eigenvalues are
Ek,s = − t⬘␣共k兲 + s 2 冑⌬2 + 4兩t兩2关3 + ␣共k兲兴,
1

共2兲

with s = ⫾ 1. Correspondingly, the eigenstates can be written
in the form of

k,s共r兲 = k,seik·r ,

共3兲

with

k,s =

1

冑2

冑

1+s

⌬

冑L共k兲

冤

−

2tH12

冥

⌬ + s冑L共k兲 ,
1

共4兲

where L共k兲 = ⌬ + 4兩t兩 关3 + ␣共k兲兴. The velocity operator can
be obtained by v̂ = 共1 / ប兲共H / k兲 and ⌬ is independent of k,
2
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FIG. 1. 共Color online兲 The optical conductance in the low frequency regime,
for several different temperatures. Here T0 = kBT / t.

册

FIG. 2. 共a兲 The optical conductance in the wide frequency regime, 共b兲 the
imaginary part of the conductivity 共permittivity兲, and 共c兲 the inverse of
兩共兲兩2.

where
B共k兲 = ⵜk␣共k兲 = 2关a1 sin k · a1 + a2 sin k · a2 + 共a1
− a2兲sin k · 共a1 − a2兲兴 and C共k兲 = a1eik·a1 + a2eik·a2.
The second quantized current density operator is given
by

sured from the K-point. In this region, the conductance is
共K1兲
1兲
isotropic, Re xx
= Re 共K
yy = G共兲, given as,

v̂ =

冋

1 t⬘B共k兲 − itC共k兲
,
ប itⴱCⴱ共k兲 t⬘B共k兲

J=e

兺

k,s,s⬘

†
†
k,s
v̂k,s⬘ak,s
ak,s⬘ .

共5兲

2បv2F0


1


冕

⬁

dteit具关J共t兲,J共0兲兴典.

共6兲

0

In Fig. 1, we plot the optical conductance versus frequency for a typical value of ⌬ = 0.03 eV under the nearest
neighbor coupling approximation. The A-B on-site energy
difference removes the universal conductance which is the
key feature of graphene with A-B symmetry. For ប ⬍ ⌬, the
conductance is zero for any temperature since only vertical
transitions are allowed. For ប ⬎ ⌬, thermal excitation will
reduce the carrier concentration near the top of the valence
band and the total interband transition rate decreases. As a
result, the conductance decreases as temperatures increases.
At the frequencies close to the energy gap, the conductance
jumps to a maximum which is greater than the universal
conductance.

冋

G共兲 = 0 1 +

册 冉 冊

␤
⌬2
tanh ប ⌰共ប − ⌬兲,
共ប兲2
4

where 0 = e2 / 4h and ␤ is the inverse temperature in energy
units. The conductance then decreases slowly as the joint
density of states for optical transition decreases.
For systems with complete A-B symmetry, the onset
maximum disappears. In this case the conductance starts
from the universal conductance at T = 0 and from zero at
ﬁnite temperature. The conductance at ប = ⌬ is G共兲
= 20 tanh共␤⌬ / 4兲. In our analysis and conductivity, we have
neglected the t⬘ term. The effect of t⬘ shifts the Fermi level
to the valence band and thus suppresses the low frequency
conductance. However, one can apply a gate voltage to easily
shift the Fermi level to the neutral point.
At relatively low energy around the Dirac points, ␣共k兲
= −3 + 3a2共␦k兲2 / 4, and Ek,+ − Ek,− = 冑L共k兲, where ␦k is mea-

兺
␦
k

冉

␤
␤
tanh E␦k,+ − tanh E␦k,−
2
2

⫻关␦共ប − 冑兲 − ␦共ប + 冑兲兴.

+ 4ប2vF2 共␦k兲2,

冊冉 冊
1+

⌬2



共7兲

E␦k,s = ␥共2冑3បvF / a兲关1

Here, 共␦k兲 = ⌬
and
− ␥4 a2共␦k兲2兴 + s共1 / 2兲冑.
In Fig. 2, we show the zero temperature conductance
over a wide frequency range of 0 to 2t. The absorption at
frequencies below the gap ⌬ is now forbidden, as expected.
The interesting feature of this systems is the onset of absorption at the band edge. The absorption at the edge is discontinuous and jumps vertically from zero to a value twice the
universal conductance. This behavior can be derived analytically around the Dirac regime as follows.
1
1
In the limit of T → 0, tan h 2 ␤Ek,+ − tan h 2 ␤Ek,− ⯝ ⌰共⌬2
2
+ 4ប2vF共␦k兲2兲, we obtain a simple form for the conductance
due to the contribution from the six Dirac points, given as
G共兲 = 0关1 + ⌬2 / 共ប兲2兴⌰共ប − ⌬兲. At ប = ⌬ + 0+ for any ⌬,
the conductance is twice of the universal conductance. In
other words, for graphene with A-B asymmetry, while the
universal conductance is broken, the onset conductance at
the band edge for T = 0 has a universal value of 20. In
comparison to the well known interband absorption rate in
semiconductors,22,23 Gsemicond共兲 ⬃ 冑ប − ⌬, this feature of
interband absorption in graphene is very unique. We notice
that the 20 onset conductance is consistent with that in the
massless Dirac Fermion with an impurity induced gap.9
Therefore, this is a very general property of massless Dirac
fermion, regardless how the gap is induced. At higher frequency, the conductance increases with frequency, 关Fig.
2共a兲兴. Therefore, an inequivalence of A-B sublattices can remove the universal conductance, or limit its applicability to a
small regime around the visible frequency.
The Fig. 2共b兲 shows the imaginary part of the conductivity. Near the band edge, the imaginary part is very large
which indicate phase difference of nearly  / 2 between the
incident ﬁeld and the current response. This phase difference
decreases rapidly as frequency increases. The size of the dip
at ប = ⌬ is about the same order of magnitude as the jump
in the conductance. Figure 2共c兲 shows the inverse of the
absolute value of the conductivity squared. This quantity is
directly related to the transmittance near the band gap. Due
2

The frequency dependent conductivity contains rich information of electronic transitions and plasmonic effect.21 The optical conductivity can be calculated from the Kubo formula,

 ,共  兲 =

G共兲 = −
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FIG. 3. 共Color online兲 共a兲 The frequency dependent resistivity near the band
edge. 共b兲 The temperature dependence of the resistivity at low frequencies.

to the large permittivity near the gap, the transmittance is
signiﬁcantly low than that of 97% in the visible range for
graphene.
The total integrated absorption is given by
⌳total =

冕

dG共兲.

共8兲

Experimentally,11 it has been shown that for graphene with
A-B symmetry, the universal conductance is valid up to the
high end of the visible band,  = 400 nm or ប = 2 eV.
Theoretically it is shown that the conductance is approximately 0 up to ប = t. Therefore for graphene with A-B
symmetry, we integrate 共8兲 from 0 to t and total = 2t0. For
graphene without A-B symmetry, we integrate 共8兲 from ⌬ to
t and total = 2t0共1 − ⌬2 / t2兲. Since ⌬2 / t2 ⬇ 0.01, we can conclude that the total optical response is nearly conserved even
when a gap opens up at the Fermi energy. For small ⌬, any
loss of optical response due to the gap is recovered in the
regime of ប slightly higher than ⌬. For large ⌬, the region
required for recovering the optical response is wider.
The quantity that determines the transport characteristics
of graphene is the resistivity, deﬁned as 共兲 = Re关1 / 共兲兴.
In Fig. 3共a兲, we show the frequency dependence of the resistivity at two different temperatures. Comparing to the conductance, the resistivity also starts vertically at the band
edge. However its curvature is ﬁnite and it is monotonic
function of frequency. For frequency much higher than the
band gap, the saturation value of the resistivity is 1 / 0. The
most interesting feature of the resistivity is its temperature
dependence, shown in Fig. 3共b兲. There exists a characteristic
temperature, Tc, separating the two distinctive temperature
regime. At ប = 0.011t, Tc ⬇ 0.002t ⬇ 70 K. For our system
of disorder-free graphene, the resistivity is solely due to the
interband transitions. Below Tc, the carrier thermalisation is
negligible and the resistivity is temperature independent.
Further increasing T to above Tc, the thermal population of

carriers in both bands reduces the phase space for photoresponse and increases the thermalisation. The linear temperature dependence of resistivity has been the feature of layer
high temperature superconductors where scattering plays an
important role. The mechanism of line-T dependence in the
present system is different. It is due to the reduced photoelectrons by thermalisation. The change over of the resistivity characteristics is controlled by the interplay of thermal
energy, band gap, and the frequency.
In conclusion, we have shown that for graphene without
inversion symmetry the optical conductance becomes
strongly frequency dependent. There exists a characteristic
temperature at which the resistivity from being temperature
independent to a linear temperature dependence.
This work is supported in part by the National Natural
Science Foundation of China 共Grant Nos. 10674004 and
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